Retrotransposons are abundant in the genomes of plants.
INTRODUCTION
Cassava (Manihot esculenta Crantz) is native to South America and was domesticated about 8000 years ago (Bull et al., 2011) . The tuberous roots of cassava have high starch content and are an important source of carbohydrate (Mejía-Agüero et al., 2012) . Cassava is one of the most important crops worldwide since it is the predominant food in the staple diet of several countries in Africa, Asia, and Latin America (McMahon et al., 1995) . It is also used for animal feed and as raw material for starch production (Wongtiem et al., 2011) . Cassava is also important for activities not associated with food, and is used in textile and paper industries (Mejía-Agüero et al., 2012) , for ethanol production, and as a biofuel (Wongtiem et al., 2011) . Thus, knowledge on the genetic diversity and relationships among cassava cultivars is an important requisite to improve and increase their production.
Since there are few reliable phenotypic morphological characteristics in the Manihot genus (Olsen and Schaal, 2001) , molecular markers have been used to infer the genetic relationships among cassava cultivars. Several molecular markers, such as isozymes (Resende et al., 2004) , randomly amplified polymorphic DNA (RAPD) (Zacarias et al., 2004) , amplified fragment length polymorphisms (AFLP) (Chavarriaga-Aguirre et al., 1999) , simple sequence repeats (SSR) (Chavarriaga-Aguirre et al., 1999; Siqueira et al., 2009; Lekha et al., 2010) , and simple sequence repeats from expressed sequence tags (EST-SSR) (Kunkaew et al., 2011; Sraphet et al., 2011) , have been used to analyze the genetic diversity and relationships among cassava cultivars. However, retrotransposon markers, which are highly promising for phylogenetic studies, gene mapping, and genetic diversity (Kalendar et al., 1999) , have not yet been analyzed in cassava cultivars.
Retrotransposons are the most abundant transposable elements present in eukaryotic genomes and are classified into long terminal repeats (LTRs) and non-LTRs (Kumar and Bennetzen, 1999) . Retrotransposons are dispersed throughout plant genomes and some retrotransposon families are represented by thousands of copies . New copies of retrotransposons are randomly inserted into preexisting sequences of the genome via a copy-paste system, which consequently increases the copy number (Kalendar and Schulman, 2006) . Retrotransposons contribute to the size, structure, variation, and diversity of the genome. In addition, they greatly effect gene function and cover a high percentage of the genome (Gbadegesin and Beeching, 2010) .
Sequence-specific amplification polymorphisms (S-SAPs) were the first molecular markers based on retrotransposons to be developed. These involve a primer annealing to the end of the retrotransposon and a site corresponding to an AFLP restriction enzyme (Waugh et al.. 1997) .
Two other systems of retrotransposon-based molecular markers, inter-retrotransposon amplified polymorphism (IRAP) and retrotransposon-microsatellite amplified polymorphism (REMAP), were also developed by Kalendar et al. (1999) . IRAP markers involve the PCR amplification of DNA sequences between two nearby retrotransposons, using a primer designed from the LTR sequence of a retrotransposon. On the other hand, REMAP uses a primer based on the LTR sequence and an SSR primer with an anchored nucleotide (non-SSR) at the 3' end of the primer.
A total of 154 transposable elements of the cassava genome were partially sequenced by Gbadegesin et al. (2008) , including 59 families of Ty1/copia, 26 families of Ty3/gypsy retrotransposons, and 40 families of En/Spm transposons. The cassava genome has been sequenced, but to our knowledge, no primers have been designed for IRAP and REMAP markers in order to study this species. Therefore, in the current study, IRAP and REMAP molecular markers specific for the cassava genome were developed.
MATERIAL AND METHODS

Plant material and DNA isolation
The cassava varieties 'Fécula Branca' and 'Olho Junto' (with low cyanogenic acid content), 'IPR-União' and 'Tamboara' (with high cyanogenic acid content) were used in the present study ( Table 1 ). The four cassava cultivars are cultivated the most in the state of Paraná, Brazil, and were obtained from the IAPAR (Agronomic Institute of Paraná -Brazil) germplasm bank. Total DNA was isolated from samples of each cultivar using the cetyltrimethylammonium bromide (CTAB) protocol described by Knapp and Chandlee (1996) , and adapted by Carvalho (Cenargen -Embrapa). Genomic DNA was dissolved in TE (1 mM EDTA, 10 mM Tris-HCl, pH 8.0) and quantified using a picodrop (Pico200 spectrophotometer).
Primer design
Primers for the LTR sequences of the IRAP and REMAP markers were designed from the cassava sequence database, while primers for the SSR sequences of the REMAP markers were randomly designed and further tested to validate their utility. Retrotransposon sequences from three families of transposable elements in the cassava genome have been described (Gbadegesin et al., 2008) and deposited in GenBank under accession No. AY946045-AY946199. The retrotransposon sequences obtained from GenBank were submitted to Phytozome Blast (http://www.phytozome.net) to find the adjacent sequences of the retrotransposon. The adjacent sequences of the retrotransposon were then analyzed by the LTR finder program for the LTR sequences. Twelve different LTR sequences were obtained and aligned using CLUSTAL W (Thompson et al., 1994) . The designed primers were based on the most conserved region for each LTR with amplification directed outwards from the retrotransposon (Kalendar and Schulman, 2006) . One or two LTR primers were used in the same reaction for the IRAP markers (Figure 1 ), whereas one LTR primer and one SSR primer (with two or three repeated selective bases) were used for the REMAP markers ( Figure 2 ). 
IRAP and REMAP amplification
PCRs were performed in a 25-µL volume containing: 30 ng DNA, 1X PCR buffer [75 mM Tris-HCl, pH 9.0, 50 mM KCl, 20 mM (NH 4 ) 2 SO 4 ], 2.5 mM MgCl 2 , 4 pM each primer, 100 µL dNTP, and 1 U PrimeSTAR DNA polymerase (Takara Bio, Tokyo, Japan). Amplifications were performed in a MJ Research PTC-200 PCR Peltier Thermal Cycler (Bio-Rad, Hercules, USA). After 10 min of initial denaturation at 95°C, amplifications were carried out for 36 cycles at 94°C for 30 s; at 55°C for 30 s, and at 72°C for 3 min, with a final extension of 10 min at 72°C. The PCR products were identified by electrophoresis in 3% agarose (ECOGEN, AG-0600, Madrid, Spain) in 1X TAE buffer followed by EtBr staining and UV visualization. PCRs were repeated in triplicate and similar results were obtained. Each primer was tested for efficiency in the yield of IRAP segments and for fingerprint quality (separate and well defined bands in the gel).
Data scoring and analysis
IRAP and REMAP bands were scored 1 for the presence or 0 for the absence of bands. Binary matrices (presence/absence) were prepared from IRAP and REMAP products. Each PCR product represented a single locus. Monomorphic bands were removed from the raw scored data sets. Weakly stained bands were not scored. The Dice coefficient was employed to estimate genetic similarity. The binary data obtained were then analyzed with NTSYSpc 2.1 program (Rohlf, 1989) , which generated the genetic distance matrix (Nei and Li, 1979) and drew the UPGMA (Unweighted pair group method with arithmetic mean) dendrogram.
RESULTS AND DISCUSSION
Development of IRAP for cassava germplasm genotyping
Twelve LTR retrotransposon families were identified from the cassava partial sequences deposited in databases using the LTR finder. Several LTR sequences were obtained for each family and aligned with ClustalW (Thompson et al. 1994) . The most conserved regions were used to design primers containing 21-24 bp with a high C:G proportion. Primers were located next to the end of the retrotransposon element facing out from the LTR (Table 2) . Twelve retrotransposon primers were designed and all primers were used for the analysis, alone or in combinations. Each LTR primer was tested alone and with all possible combinations for IRAP markers. In the case of REMAP, four LTR primers were combined with four SSR primers. The scoring criteria involved the number, intensity, and sharpness of the PCR products, as well as the degree of polymorphism among the genotypes. Seventy-eight combinations of LTR primers were used in one cassava sample and 53 sharp bands were observed in the gel (49 IRAP and 4 REMAP) so that applicability of the selected markers could be explored. The patterns of amplification of the different primer combinations were initially analyzed using genomic DNA extracted from two samples of each cassava cultivar and all primer combinations that produced bands were used to amplify the DNA from the four cassava cultivars (Fécula Branca, Olho Junto, IPR-União, and Tamboara). All combinations of primers tested that resulted in poor amplification or few products were discarded from the analysis. The 42 primer combinations used in the analysis involved 40 IRAP and 2 REMAP (Table 3) . The 42 IRAP/REMAP primer combinations amplified 431 DNA segments (bands; markers) of which 36 (8.36%) were polymorphic (Table 3 ). The total number of bands for each primer varied between 3 and 16, with an average of 10.26 amplified segments per primer. The size of amplified products ranged between 100 and 7000 bp. Primers AYF2 and AYF2xAYF4 produced the largest number of bands (16 bands). Fifteen of the 42 primer combinations tested produced polymorphic bands and were therefore useful to investigate genetic variability in the cassava genome, and to establish genetic relationships among cassava cultivars. The largest number of informative markers was detected using the primer AYF2 (11 bands, 68.75% of the total amplified), while the primer combinations AYF8 and AYF1xAYF3 produced four polymorphic bands (Figure 3) . Figure 3 shows that the AYF2 primer was also used to characterize intra cultivar polymorphism in cassava. The polymorphism evident in only two samples of the IPR União cultivar (Figure 3 ) indicated that the IRAP/REMAP markers may be useful for investigating the genetic variability within cassava cultivars. Primers AYF4, AYF8, AYF3xAYF8, and AYF5xAYF10 also revealed polymorphism within Tamboara and Fécula Branca cultivars (results not shown).
Genetic diversity among cassava cultivars using IRAP/REMAP makers
The percentage of polymorphic segments ranged from 1.21% in the IPR União and Fécula Branca samples (two IRAP/REMAP markers) to 4.85% in the Tamboara sample (eight IRAP/REMAP markers). In the Olho Junto samples, the percentage of polymorphic segments was zero (polymorphism was absent) and the genetic distance among the four samples was 0.078. The UPGMA dendrogram, obtained from the cluster analysis of Nei's unbiased genetic distance, revealed one main group comprising the cassava cultivars IPR União, Fécula Branca, and Tamboara, whereas samples of Olho Junto formed an isolated group (Figure 4) . The value of Nei's identity (I) varied from 0.8567 (between the Olho Junto and Tamboara samples) to 0.9431 (between Fécula Branca and Tamboara samples) (Table 4 ). These results suggest that IPR União, Fécula Branca, and Tamboara are grouped together and Olho Junto is part of a different group (Figure 4) . The cassava genome was estimated to be about 772 Mbp in size. A total of 59 families of transposable elements were detected including Ty1/copia, as well as 26 Ty3/gypsy retrotransposons and 40 En/Spm transposons (Gbadegesin et al., 2008) . Furthermore, the abundance of LTR retrotransposons in the cassava genome was used to develop primers for the IRAP and REMAP marker systems. The IRAP and REMAP marker systems have previously been used to study genetic diversity in Helianthus (Vukich et al., 2009) , flax (Smýkal et al., 2011) , and maize (Kuhn et al., 2014) . They have also been used to analyze the genetic diversity in cassava. In-depth knowledge on the genetic diversity in cassava cultivars is highly important for their further use in breeding programs and for conservation in germplasm banks.
In the present study, the abundance of retrotransposon LTRs in cassava was confirmed, since 431 amplified DNA segments (molecular markers) were obtained using 42 IRAP and REMAP primer combinations. The AYF3, AYF6, AYF7, AYF10, and AYF11 primers failed to amplify any band when they were used alone, but they generated bands when used in combination with other primers (Table 3 ). The number of IRAP/REMAP markers obtained in the current study (431) using only two samples each of Olho Junto, Fecula Branca, IPR União, and Tamboara was higher than the number of molecular markers used in other studies of the cassava genome. Molecular markers, such as isozymes (22) (Resende et al., 2004) , RAPD markers (311) (Zacarias et al., 2004) , SSR markers (43) (Chavarriaga-Aguirre et al., 1999); (46) (Siqueira et al, 2009) , and EST-SSR markers (425) (Kunkaew et al. 2011) produced the lowest number of reproducible bands. Although S-SAP is a co-dominant marker retrotransposon, the enzymatic steps may increase the possibility of generating impurities and incorrect digestion (Kalendar and Schulman, 2006) . When compared to other DNA markers, IRAP and REMAP are simple techniques, easy to operate, and produce a high number of reproducible bands. They may be informative and reliable for the study of genetic diversity and relationships among cassava cultivars. Only two samples from each cassava cultivar were used in the current analysis to illustrate the usefulness and polymorphism of the IRAP/REMAP markers.
Estimates of polymorphism, genetic distance, and genetic identity are illustrative and may not be used to provide conclusive information on the genetic diversity among the four cultivars analyzed. The number of cultivars (four) and samples of each cultivar analyzed were low (two samples of each cultivar), making it difficult to group them based on different levels of cyanogenic acid. However, a larger number of samples of each cultivar Olho Junto, Fécula Branca, IPR União, and Tamboara, as well as other cassava cultivars, will be analyzed using the IRAP/ REMAP markers to investigate the genetic diversity and relationships among them, and to detect correlations between phenotypic characteristics and retrotransposon markers. Knowledge on the genetic diversity and relationships among cassava cultivars is an important requisite to improve and increase the production of different cultivars.
The IRAP and REMAP primers designed in this study were effective at assessing cassava diversity. The retrotransposon-based marker was efficient at differentiating the four cassava cultivars and for determining diversity within the samples. These molecular markers may be useful tools for application in breeding and in the analysis of diversity of cassava and another organisms.
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